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Chapter 1: Introduction 
 The global energy demand is poised to increase dramatically over the next several 
decades.  With the concern of global warming and society’s impact on our ecosystem, this 
demand must be met with clean and renewable energy sources, such as wind and solar 
power.  Unfortunately, the intermittent nature of such resources requires the use of efficient 
electrical storage to ensure stable and uninterrupted energy delivery during off-peak hours.  
Currently, the dominant energy storage technologies are batteries, which store energy in 
chemical form, and capacitors, which store energy directly as charge.  However, each of 
these technologies fills niche area of applications with little overlap.  This is due to their 
inherent capabilities as dictated by their respective mechanisms, as revealed in Figure 1-1.  
Batteries (and fuel cells) have a very high energy density (possess a large capacity to store 
energy) but a low power density, while capacitors have an extremely high power density (can 
release energy very fast) but a low energy density.  Thus, there is strong need to bridge this 
gap and provide technologies with moderately high power and energy densities. 
 
Figure 1-1: Comparison among different electrical energy storage technologies. AFE denotes antiferroelectric. 
2 
 
 
 Antiferroelectric oxides which have the capability to store electrical energy via a 
reversible antiferroelectric-to-ferroelectric phase transformation may be capable of filling 
this gap to meet energy storage needs.  Antiferroelectrics possess electric dipoles with 
antiparallel ordering such that no macroscopic electrical polarization can arise.  In the 
presence of an electric field, an antiferroelectric can be forced into a ferroelectric state, 
storing large amounts of electrical energy due to the sudden increase in polarization.  The 
most widely studied antiferroelectrics are lead zirconate-based ceramics with dopants and 
modifiers to facilitate the electric field-induced phase transformation and improve 
mechanical and electrical properties. 
 This thesis seeks to characterize a series of compositions near an 
antiferroelectric/ferroelectric compositional phase boundary.  The system, 
Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3, adopts a ABO3-type perovskite structure that possesses 
tetragonal symmetry in the antiferroelectric phase and rhombohedral symmetry in the 
ferroelectric phase.  By increasing the Ti content, the ferroelectric ordering is strengthened, 
allowing the phase boundary to be approached incrementally.  This allows the effect of 
composition on the phase transformation characteristics to be studied in great detail.  The 
methods of characterization used in this thesis study include classical X-ray diffraction, 
dielectric, and polarization hysteresis loop measurements, as well as novel methods using 
specially designed equipment and techniques.  These innovative approaches, which include 
the use of a bi-axis strain measurement device, a radial compression loading apparatus, and 
in-situ X-ray diffraction, are used to probe the response of the ceramics to applied electric 
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fields and obtain information beyond that provided by traditional studies of antiferroelectric 
ceramics. 
 Other systems, most notably lead zirconate titanate, exhibit a narrow phase region 
separating ferroelectric rhombohedral and tetragonal phases known as a morphotropic phase 
boundary.  Enhanced electromechanical properties are achieved in compositions in this 
region with structural instability; similarly, it may be possible to observe improved properties 
associated with the antiferroelectric-ferroelectric phase boundary in the system studied in this 
thesis, potentially leading to enhanced viability for use in energy storage devices. 
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Chapter 2: Literature review 
2.1 Basic concepts 
 A solid crystalline dielectric is defined as a deformable, polarizable insulator.  
Whereas an electric field will facilitate long-range charge transport in a conductor, an ideal 
insulator will instead become polarized, i.e. possess a net dipole moment per unit volume, 
when placed in an electric field.  Charge separation giving rise to a dipole moment can result 
from one of the four fundamental polarization mechanisms including electronic, ionic, 
dipolar reorientation, or space charge (diffusional) separation (or some combination of each) 
[2].  The total dielectric displacement is given by: 
 0D E Pε= +   (2-1) 
where ε0 is the permittivity of free space, E is the magnitude of the electric field, and P is the 
polarization developed.  In a linear dielectric, P is proportional to E such that 
 ( )0 1rP Eε ε= −   (2-2) 
where εr is the relative dielectric constant.  Examples of non-linear dielectrics include 
ferroelectrics and antiferroelectrics and will be discussed later. 
 Additionally, all crystalline dielectrics will experience strain in an electric field, and 
that strain will be a function of the magnitude of the applied field.  The strain response can 
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either be first order (linear*), as in the case of piezoelectricity, or second order (quadratic), as 
in the case of electrostriction.  Certain symmetry restrictions prevent piezoelectricity from 
occurring in all crystalline materials (see section 2.2); however, electrostriction is exhibited 
by all dielectric materials.  The strain developed due to the electrostrictive effect is given by: 
 
2
ex QP=   (2-3) 
where Q is the electrostrictive coefficient.  Because of the quadratic nature, the sign of the 
strain is independent of field polarity.  
2.2 Piezoelectricity from symmetry considerations 
 Neumann's principle, the governing statement in crystal physics, states that, “the 
symmetry of any physical property of a crystal must include the symmetry elements of the 
point group of the crystal [3].”  In other words, physical properties exhibited by a solid are a 
manifestation of its crystal symmetry.  When magnetic properties are excluded, there exist 32 
point groups into which all crystals can be classified.  A point group is called as such because 
each is based upon symmetry operations with respect to a point in Euclidean space.  Of these 
32 point groups, 11 are centrosymmetric, i.e. they possess a center of symmetry.  As a 
consequence, centrosymmetric crystals do not exhibit any polar properties [4].  If a 
centrosymmetric unit cell experiences any distortion or deformation, the charge displacement 
resulting from shifting ions is exactly balanced, and no dipole moment develops (Figure 2-1).  
Consequently, the macroscopic polarization (the sum of dipole moments per unit volume) 
remains zero.  However, deformation of a non-centrosymmetric unit cell can result in the 
                                                 
*
 While the concept of non-linear piezoelectricity is valid in certain systems, it is beyond the scope of the 
materials discussed in this thesis and will not be addressed here. 
6 
 
 
formation of a non-zero polarization due to the uncompensated shift in relative position of 
ionic species (Figure 2-2).  This effect is observed in crystals belonging to 20 of the 21 non-
centrosymmetric point groups and is termed piezoelectricity, i.e. the coupling of mechanical 
and electrical displacement.  In its direct form, piezoelectricity is the development of a 
dielectric displacement, D, as a result of stress, X.  Conversely, the strain of a piezoelectric 
material, x, will vary with applied electric field, E.  In both cases the relationship is 
reversible, and the constant relating the two parameters is known as the piezoelectric 
coefficient, d.  The electromechanical constitutive relations can then be summarized as 
follows [2]: 
 
XD dX Eε= +  (direct effect) (2-4) 
 
Ex s X dE= +  (converse effect) (2-5) 
where εX is dielectric permittivity at constant stress (i.e. mechanically unconstrained) and sE 
is the elastic compliance at constant electric field (i.e. short circuit conditions).  The 
efficiency with which mechanical energy can be converted to electrical energy (and vice 
versa) via the piezoelectric effect is related to the electromechanical coupling coefficient, k. 
 
Figure 2-1: A centrosymmetric unit cell (a) in the presence of an external force (b). 
P = 0O
(a)
Force
P= 0
(b)
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Figure 2-2: A non-centrosymmetric unit cell (a) in the presence of an external forces differing in orientation (b), (c). 
 If a piezoelectric crystal possesses a unique polar axis along which dipole 
arrangements result in the presence of a spontaneous polarization in the absence of field or 
stress, it is also pyroelectric.  The magnitude of the polarization is temperature dependent—
hence the effect is known as pyroelectricity.  If the spontaneous polarization can be switched 
between two or more orientation states via an external electric field, the crystal is deemed 
ferroelectric (FE) [4].  The orientation states of the polarization vector are permitted only 
along certain crystallographic directions.  Unlike the other physical properties discussed here, 
ferroelectric behavior cannot be predicted by symmetry alone and must be confirmed 
experimentally [5].  The switchable polarization indicative of ferroelectricity can be revealed 
in a plot of polarization versus electric field known as a hysteresis loop (see section 2.3.1).  
The crystal symmetry relationships discussed in this section are shown in Figure 2-3 and 
Figure 2-4. 
  
Figure 2-3: Hierarchy of symmetry relations in 
Figure 2-4: Division of the 32 non-magnetic 
only those classified as polar can be ferroelectric.
32 Symmetry
point groups
21 Non-
centrosymmetric
20 Piezoelectric
(stress-induced 
polarization)
10 Pyroelectric
(spontaneous 
polarization)
Ferroelectric
(reversible spontaneous 
polarization)
8 
dielectric crystals. 
point groups.  All the acentric point groups (excepting 432) are piezo
 
11 Centrosymmetric
1 (triclinic)
2, m (monoclinic)
2mm (orthorhombic)
3, 3m (rhombohedral) 
4, 4mm (tetragonal) 
6, 6mm (hexagonal)
 
 
electric; 
9 
 
 
2.3 Ferroelectricity 
 In the previous section the concept of ferroelectricity was derived from crystal 
symmetry relationships.  In this section definitions and characteristics of ferroelectrics will 
be examined, followed by a discussion of ferroelectric behavior in the context of specific 
chemical systems.  Other types of polar order will be addressed within the context of 
ferroelectric ordering. 
2.3.1 Characteristics of ferroelectrics 
 A volume in a ferroelectric crystal where the unit cells possess polarization vectors 
with the same orientation is known as a domain.  Domains spontaneously form in a 
ferroelectric crystal due to the depolarization energy (which is the energy due to the electric 
field generated by an inhomogeneous distribution of the polarization in the ferroelectric) [4, 
6].  A thin region (on the order of nanometers in thickness) known as a domain wall separates 
domains of differing orientation.  Akin to grain boundary motion in a polycrystalline 
material, domain wall motion can be facilitated by a suitable driving force (e.g. electric 
field), thus reversibly changing the size and the orientation of a domain.  Application of DC 
electric fields can cause domains with energetically favorable orientations (i.e. those whose 
polarization vector is closely aligned with the field) to grow at the expense of neighboring 
domains with unfavorable orientations, as shown in Figure 2-5.  Generally speaking, it is 
more energetically favorable to grow an existing domain than to nucleate a new domain [4]. 
  
Figure 2-5: Domain structure of ferroelectric Rochelle 
state), (b) -60kV/cm, (c) 0kV/cm (field removed), and (d) +60kV/cm.
polarity (i.e. anti-parallel domains) [5].
 The polarization associated with the domain reversal depicted in 
manifested in the form of a polarization versus 
Prior to electric field exposure, the d
electric field to a sample develops the macroscopic polarization until it saturates (
electric field (Em).  Upon field removal, 
the field polarity is switched, the 
the remanent polarization through
"flips" the polarization, and the process is mirrored
 The ferroelectric phase is typically resulted from cooling a high
phase through its Curie point (T
polarization to align along any one of the several crystallographically equivalent directions
The ferroelectric phase can be represented 
high-symmetry prototype phase, which is paraelectric (P
ferroelectric phase transformation at T
                                                
†
 To be rigorous, the Curie point (T
the Curie temperature (T0) is a formulaic extrapolation from the Curie
10 
salt (KNaC4H4O6·4H2O) under electric fields:  (a) 0kV/cm (initial 
  Light and dark regions indicate opposite polarization 
 
electric field hysteresis loop (
omains are arranged such that P ≈ 0.  
a remanent polarization (Pr) persists at zero field.  If 
coercive field (EC) is the field strength necessary to r
 reorienting the domains; any further increase in field 
.   
-symmetry, non
c)†, reducing the symmetry of the system and permi
by only minor perturbations in the structure of t
E) [4].  The paraelectric to 
c can be either first order or second order. 
 
c) is the actual temperature at which ferroelectric behavior occurs, whereas 
-Weiss law [7].  Generally, T
 
Figure 2-5 is 
Figure 2-6).  
Application of 
Ps) at peak 
emove 
-polar 
tting the 
.  
he 
 
c ≠ T0. 
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Figure 2-6: Hysteretic dependence of polarization (P) of a ferroelectric crystal on electric field (E) [7]. 
 The Curie point is marked by a large dielectric anomaly, often in the form of a 
diverging relative permittivity (εr).  This can result in the appearance of a large peak in 
permittivity at Tc.  Many systems obey the Curie-Weiss law, which gives the permittivity as a 
function of temperatures above Tc as follows : 
 
0
r
C
T T
ε =
−
  (2-6) 
where C is the Curie constant and T0 is the Curie temperature [8].  T0 is slightly lower than 
Tc in the case of a first-order phase transition but is coincident with Tc in a second-order 
phase transition (see section 2.5 for discussion on phase transitions) [5].  Below Tc, the 
spontaneous polarization in the ferroelectric generally increases with decreasing temperature 
(i.e. 0SdP
dT
< ).  This behavior is summarized in Figure 2-7. 
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Figure 2-7: Temperature dependence of the spontaneous polarization and permittivity in a ferroelectric material [8]. 
2.3.2 Relaxor ferroelectrics 
 Certain ferroelectrics possess a complex microstructure whose properties are 
dominated by compositional and/or structural heterogeneities.  The long-range polar order 
exhibited by normal ferroelectrics is thus disrupted, and the system is termed a "disordered" 
or relaxor ferroelectric.  In contrast to the sharp transformation between paraelectric and 
ferroelectric phases (Figure 2-7), the transition to a relaxor ferroelectric state is diffuse and 
characterized by strong frequency dispersion in the dielectric data, as shown in Figure 2-8.  
Because relaxors do not exhibit a Curie point like normal ferroelectrics, the peak in dielectric 
constant is simply termed Tmax (or Tm).  Another feature of relaxors is the unique polarization 
hysteresis developed under electric fields.  Slender loops of polarization versus electric field 
(Figure 2-9) are exhibited by relaxor ferroelectrics at temperatures in the vicinity of Tm.  
 Relaxor behavior is a manifestation of ferroelectric domain size.  When domains are 
on the nanoscale (~5 nm), they are called "polar nanoregions," and relaxor behavior is 
resulted.  Application of electric field can cause domain growth, and when the ferroelectric 
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domains reach the "macroscopic" scale, normal ferroelectric behavior dominates.  Hence, 
slim-loop hysteresis is observed. 
 
Figure 2-8: Dielectric constant (left) and dielectric loss (right) of the relaxor Pb(Mg1/3Nb2/3)O3 as a function of temperature 
(after [9]). 
 
Figure 2-9: Typical hysteresis loop for a relaxor ferroelectric near Tm [1]. 
  
2.3.3 Perovskite structure
 The most technologically important ferroelectric ceramics 
formula ABO3 and adopt a perovskite structure.  
mineral (CaTiO3) with which the structure of other ABO
Figure 2-10a shows how the prototype cubic perovskite 
ferroelectric perovskite to be discover
corners, oxygen atoms on the faces, and a B
structure can be envisioned as 
site cation in each octahedral interstice (
larger A-site cation located in a 12
2-10b).   
Figure 2-10: Perovskite structure represented as: (a) ABO
corner-linked BO6 octahedra with A-site in the middle
 A cubic perovskite does not permit ferroelectric
symmetry (see section 2.2).  If the prototype cubic structure is distorted
14 
 
have the general chemical 
The namesake is taken from th
3 compounds is isomorphous
unit cell for BaTiO
ed, is represented as a cube with A-site cations on the 
-site cation in the center.  Alternatively, the 
a network of corner-linked oxygen octahedra 
collectively known as a BO6 octahedr
-fold coordination site between oxygen atoms
3 cubic  unit cell with B-site in the center and (b) network of 
 [2]. 
ity due to the presence of a center of 
 to a lower symmetry
e perovskite 
.  
3, the first 
supporting a B-
on) with the 
 (Figure 
 
, 
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however, ferroelectricity can persist.  In the strained unit cell, the B-site cation will shift 
slightly from the center equilibrium position relative to the anions; this displacement creates 
a permanent dipole moment.  The number of crystallographic directions along which the 
dipole can be aligned depend on the crystal structure of the new ferroelectric phase.  For 
example, the tetragonal structure (4, 4mm) permits 6 equivalent orientations along <100> 
axes, while the rhomobohedral structure (3, 3m) allows alignment along 8 directions.  
Computer modeling has revealed that the B-site displacement is facilitated by a hybridization 
in bonding between the B-site cation and oxygen; this weakens the short-range repulsions 
and allows the ferroelectric transition [10].  Such a phenomenon occurs when cooling 
through the Curie point, and is termed a displacive phase transformation.  This is contrasted 
with an order-disorder ferroelectric phase transformation, in which randomly oriented dipoles 
"freeze out" and become aligned upon cooling through Tc [3]. 
  The perovskite structure supports a wide range of ions on the A and B sites.  The 
valence of the A-site cations can range from +1 to +3 (e.g. Ba2+), while for the B-site cations 
it can range from +2 to +6 (e.g. Ti4+) [11]. Goldschmidt defined a tolerance factor (t) that is a 
measure of distortion of the prototype perovskite structure and suggests the stability of a 
compound [2].  The tolerance factor is given as: 
 
( )2
A O
B O
R R
t
R R
+
=
+
  (2-7) 
Where RA, RB, and RO are ionic radii of the A-site, B-site, and oxygen atoms, respectively.  
Compounds have been observed to form in the perovskite structure with 0.88 ≤ t ≤ 1.09.  
Thus it is evident that the perovskite structure supports a wide range of atoms, which permits 
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doping and/or modification to form solid solutions in order to tailor or alter the properties of 
a system.  This will be addressed for specific systems in detail in sections 2.3.5 and 2.4. 
2.3.4 Comparison of single crystal and polycrystalline ceramics 
 Ceramic (i.e. polycrystalline) ferroelectrics offer advantages over their single crystal 
counterparts, such as lower cost and ease of manufacturing, better mechanical strength, and 
less sensitivity to operating environment [12].  However, the microstructure of ferroelectric 
ceramics is sophisticated, consisting of numerous grains with random orientations, each 
having their own domain patterns [6].  Not only are 180° domain configurations (so-called 
because of the anti-parallel head-to-tail orientation of the polarization vectors across a 
domain wall, as depicted in Figure 2-5) present, but other configurations can arise, such as 
90° domains in tetragonal or 71° and 109° domains in rhombohedral perovskites (again 
named for the angle between polarization vectors across a domain wall).  Non-180° domains 
are always accompanied by strain across the domain wall and are ferroelastic [13]. 
  The random grain orientation means that the ceramic behaves as a non-polar material 
until it is poled, which is a process whereby the ceramic is subjected to a static electric field, 
usually at elevated temperatures for fifteen minutes and cooled to room temperature in field.  
This develops the domain structure with polar vectors in each grain to be oriented parallel or 
nearly parallel to the applied electric field, breaking the inversion symmetry and creating a 
polar axis [14].  However, only a fraction of the maximum single-crystal spontaneous 
polarization can be realized in a ceramic due to the random directions of crystallographic 
axes—these values have been calculated to be 0.83, 0.91, and 0.87 for tetragonal, 
orthorhombic, and rhombohedral perovskites [2].  In practice, these values are typically 
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much lower, owing to the difficulty of switching non-180° domains with electric field.  
Poling has shown to be enhanced by radial compressive stresses, which aid in the 
reorientation of non-180° domains due to their ferroelastic nature [15]. 
2.3.5 Lead Ziconate Titanate system 
 Lead zirconate titanate, abbreviated Pb(Zr,Ti)O3 or PZT, has been the most 
commercially viable ferroelectric system for more than half a century.  It eclipsed BaTiO3 as 
the ferroelectric of choice for most technologies by possessing larger electromechanical 
coefficients, a wider operating temperature range (i.e. higher Tc), and easier poling and 
sintering mechanisms [1].  By forming an extensive set of solid solutions with many 
compatible constituents, the properties of PZT can be easily tailored to achieve outstanding 
dielectric, piezoelectric, pyroelectric, and electro-optic properties.  Its performance and 
tunability has found it use in applications such as non-volatile memories (FeRAM), optical 
devices, sensors, and piezoelectric transducers and actuators [1]. 
 PZT is itself a solid solution of lead zirconate (PZ) and lead titanate (PT).  Figure 
2-11 shows the phase diagram of the system.  Located at a Ti:Zr ratio of approximately 48:52 
at room temperature is a narrow phase region separating the rhombohedral and tetragonal 
ferroelectric phases known as a morphotropic phase boundary (MPB).  As the MPB is 
approached, the dielectric and piezoelectric properties are strongly augmented, as shown in 
Figure 2-12.   
 
  
Figure 2-11: Solid solution phase diagram of lead zirconate
phase field is indicated by  O, R, T, or C for orthorhombic, rhombohedral, tetragonal, and cubic, respectively.  Subscripts 
indicate antiferroelectric (A), ferroelectric (F), or paraelectric (P) behavior
 
Figure 2-12: Peak of the relative dielectric constant 
MPB in PZT [2]. 
18 
 (PbZrO3) and lead titanate (PbTiO3).  The structure of each 
 (after [16]). 
 
(εr) and the planar electromechanical coupling coefficient
MPB 
MPB 
 
 (kp) at the 
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 Various theories have been presented regarding the nature of the MPB in PZT and 
why the sharp increase of properties is observed.  A commonly held belief was that the 
anomalously high values resulted from coupling between the degenerate rhombohedral and 
tetragonal states, which allowed for enhanced domain reorientation during poling (due to the 
combination of the six possible domain states with <001> polar vectors from the tetragonal 
phase and the eight possible domain states with <111> vectors from the rhomobohedral 
phase) [16].  However, Noheda et al. recently reported  the discovery of a monoclinic phase 
in a PZT ceramic with a composition at the MPB [17].  Subsequent studies support the theory 
that a monoclinic distortion of the tetragonal unit cell permitting a reorientation of the 
polarization vector in the plane between that of the tetragonal and rhombohedral polar axes 
leads to large atomic displacements and hence a peak in dielectric and piezoelectric 
properties [18, 19].  The MPB in PZT is now regarded as having a width over a 
compositional range where there is a mixture of tetragonal and monoclinic phases [2]. 
2.3.6 Antiferroelectricity 
 There exists another type of electric dipole ordering known as antiferroelectricity 
whereby adjacent dipole moments are arranged in an anti-parallel manner such that no 
macroscopic polarization can arise in the ground state.  This non-polar structure can be 
envisaged as consisting of two interpenetrating polar sublattices with equal but oppositely-
oriented spontaneous polarizations.  Antiferroelectrics typically obey the Curie-Weiss law [5] 
and exhibit an anomalously large dielectric response near the Curie point [4].   
 The ferroelectric phase of an antiferroelectric (AFE) crystal can be realized if a 
sufficiently large external electric field can be applied without causing dielectric breakdown 
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[7].  The electric field lowers the free energy of the ferroelectric phase, stabilizing it above a 
critical field (EF).  The transformation between antiferroelectric and ferroelectric phases can 
also be facilitated by temperature, pressure, and composition and will be discussed in further 
detail in section 2.5.3. 
 The polarization plotted as a function of electric field in an antiferroelectric is shown 
in Figure 2-13.  An antiferroelectric exhibits linear P–E behavior characteristic of a non-polar 
paraelectric material below EF (Figure 2-13a).  When the field magnitude exceeds EF, a 
sudden increase in polarization is observed as the antiparallel dipoles moments are forcibly 
aligned along the field direction (Figure 2-13b).  As this process is a first-order displacive 
phase transformation, a large strain is also developed due to expansion of the unit cell 
volume.  The antiferroelectric ordering is restored when the electric field is decreased below 
the reverse transition field magnitude (EA).  The same process occurs when the field polarity 
is reversed, leading to the appearance of the signature double hysteresis loop. 
 
Figure 2-13: Polarization developed in an antiferroelectric in response to externally applied electric fields when  
(a)  EMAX < EF and (b) EMAX > EF [8]. 
EA 
EF 
(a) (b) 
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 The concept of an antiferroelectric was first proposed by Kittel in 1951 [20] before 
any experimental evidence proved their existence.  Cross derived the switching path between 
antiferroelectric and ferroelectric states in a simple "Kittel" linear antiferroelectric based 
upon free energy considerations [21].  However, he cautioned that the results were of "very 
limited use" due to real materials systems' deviation from simple thermodynamic function.  
Later work by Uchino and Cross et al. included the effect of hydrostatic stress and 
electrostrictive coefficients in the derivation [22]:   
 
( ) ( )
( )
( )
2 2 4 41 1
0 2 4
6 6 21 1
6 2
2 2 2
a b a b
a b a b T
a b a b
G G P P P P
P P P P p
Qp P P P P
α β
γ η χ
= + + + +
+ + + −
+ + + Ω
 (2-8) 
where α, β, and γ are dielectric constants, Pa and Pb are the sublattice polarizations (equal in 
magnitude and antiparallel in antiferroelectrics), η is the dielectric stiffness constant, χT is the 
compressibility, p is the hydrostatic pressure, Q is the electrostrictive coefficient, and Ω is a 
structure factor which represents the coupling between Pa and Pb (>1 for perovskites).  This 
result was later expounded upon to include the angle of octahedral tilt and a term for external 
electric field in the free energy expression for PZT ceramics containing up to 37 mol% Ti 
[23].  
2.4 Lead Zirconate  
 This section will focus on antiferroelectricity in a specific perovskite system, lead 
zirconate (chemical formula PbZrO3).  First the structure and relevant physical properties 
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will be addressed, followed by an in-depth review of how chemical doping and modification 
of the pure system can be used to achieve properties desirable for research and applications.  
2.4.1 Structure  
 PbZrO3 (PZ) has an orthorhombic structure with antiferroelectric ordering at room 
temperature and atmospheric pressure in the absence of external electric fields (see Figure 
2-11).  It has been one of the most widely-studied antiferroelectrics in both its pure and 
chemically modified or doped forms [12, 24] and as such is considered a model for 
antiferroelectric behavior. The PbZrO3 unit cell is composed of eight formula units and is 
shown in Figure 2-14.  The primary distortion (from which the antiferroelectric behavior is 
derived) is the antiparallel displacement of the Pb2+ ions along the pseudocubic <110>c 
directions. 
 The Curie temperature of PZ has been reported as ~230°C [4, 25].  At temperatures 
near Tc, the free energies of the antiferroelectric tetragonal and orthorhombic phases are near 
that of the ferroelectric rhombohedral phase, and electric field-induced antiferroelectric-to-
ferroelectric phase switching can be accomplished; however, at room temperature, the field 
strength necessary to induce the ferroelectric phase (EF) exceeds the breakdown strength of 
pure PZ [26]. Incorporation of Ti4+ (< 6 mol%) on the B-site of the PZ structure reduces the 
free energy of the ferroelectric phase, reducing EF to an achievable value. When the Ti 
content exceeds 6 mol%, EF is reduced to zero and the ferroelectric phase is stabilized 
(Figure 2-11). 
 
  
Figure 2-14: (Top) Crystal structure of antiferroelectric orthorhombic
dimensional projection of unit cell in the 
behavior (after [4]). 
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 PbZrO3.  Dimensions given are
a–b plane showing antiparallel displacements of Pb2+ resulting in antiferroelectric 
 
 in Å.  (Bottom) Two-
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 When Sn4+ is used to modify the Zr4+ site of PZ, the tetragonal antiferroelectric phase 
space only observed over a narrow range near Tc in pure PZ can be stabilized at room 
temperature.  The ternary phase diagram for the PbZrO3-PbSnO3-PbTiO3 (PZST) system is 
shown in Figure 2-15.  It is evident that Sn4+ favors antiferroelectric order while Ti4+ 
promotes ferroelectric order.  However, at high Sn4+ contents (>70 mol%), a dissociation 
boundary is encountered, and non-perovskite phases emerge [16].  Below this threshold, 
however, complete solid solutions can be formed.   
 
 
Figure 2-15: Room temperature phase diagram for the PbZrO3-PbTiO3-PbSnO3 system.  Antiferroelectric and ferroelectric 
phases are indicated by A or F, respectively, and the crystal structure is indicated by the subscript (same designation as in 
Figure 2-11).  After [16]. 
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 Sn4+ modification is considered an isovalent substitution as it of the same valence and 
similar ionic size as Zr4+ and Ti4+ [1].  At constant Zr:Ti ratios, additions of Sn4+ lower the 
distortion of the rhombohedral unit cell in the ferroelectric phase (FR) and also reduce the 
volume difference between the antiferroelectric and ferroelectric phases [24].  Increasing the 
Sn:Zr ratio also has the effect of reducing the Curie temperature and making the associated 
dielectric peak more diffuse and lower in magnitude [27].  However, the most important 
result of Sn4+ modification is to increase the temperature interval over which the ferroelectric 
(FR) and antiferroelectric (AT) phases are of nearly equal free energy, readily allowing 
antiferroelectric-to-ferroelectric phase switching by externally applied electric fields in 
compositions near the AT/FR morphotropic phase boundary. Most antiferroelectric 
compositions based on the PZ system for technological applications are found in this region 
and include other dopants, such as Nb5+ or La3+ [8, 28-30]. 
2.4.2 Nb5+ and La3+ doping 
 Additions of Nb5+ and La3+ cause A-site vacancies in PZST.  For every two atoms of 
Nb5+ or La3+ incorporated into the lattice, one Pb2+ vacancy is formed in order to preserve 
charge neutrality.  Nb5+ sits on the B-site, whereas La3+ resides on the A-site.  Such doping 
greatly increases resistivity, decreases the coercive field, and promotes squareness of the 
hysteresis loop of the ferroelectric phase, among other benefits.  The increased resistivity is 
resulted from donor electrons that counteract the normally p-type conductivity [16].  Nb5+ 
doping favors ferroelectric ordering [12, 24], whereas La3+ doping has been shown to disrupt 
the long-range polar order of the ferroelectric state and stabilize the antiferroelectric 
orthorhombic (AO) phase in PZT ceramics [24, 31].  Pb(Nb,Sn,Zr,Ti)O3 ceramics are 
26 
 
 
commonly abbreviated PNZST 100x/100y/100z, where x = Sn content, y = Ti content, and z 
= Nb content; the same convention can be applied to PLZST ceramics with La doping. 
 Tang et al. [32] reported that the effect of Nb5+ doping on the microstucture of 
ferroelectric PZST 10/5/z ceramics.  It was found that additions over 1 mol% tended to refine 
the grain size.  A minimum in the coercive field and maximums in the remanent polarization 
and peak dielectric constant were achieved with a doping concentration of ~1.8 mol%.  Yang 
[33] reported on the effects of microstructure on the antiferroelectric-to-ferroelectric phase 
switching in PNZST 43/7/2.  He noted that excessive grain refinement can be detrimental to 
desired properties, such as reduced polarization and strain.  Also observed was an increase in 
the electric fields associated with the forward (EF) and reverse (EA) antiferroelectric-
ferroelectric phase transformation, which was interpreted as a result of internal stresses. 
 The phase diagram for the PNZST 43/y/2 system as determined by He and Tan [34] is 
shown in Figure 2-16.  Compositions with low Ti content experience an antiferroelectric-to-
antiferroelectric phase transformation with changing temperature.  The low temperature 
phase is a commensurate orthorhombic structure, while the high temperature phase is 
incommensurate tetragonal‡.  It is this latter phase which can be readily transformed to the 
rhombohedral ferroelectric phase with application of electric fields at room temperature.  At 
higher temperatures, the antiferroelectric ceramics undergo a transition to a multicell cubic 
and eventually a single cell cubic paraelectric phase. 
                                                 
‡
 Commensuration is a measure of the periodicity of the polarization ordering in a lattice.  The polarization of 
the lattice (or sublattice in the case of an antiferroelectric) may be modulated by some sinusoidal wavelength, 
which affects the order parameter of the system.  If the order parameter is equal to some multiple of the unit 
cell, it is commensurate; otherwise, it is incommensurate [35]. 
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Figure 2-16: Phase diagram as determined by dielectric constant measurements during cooling for PNZST 43/100y/2 [34]. 
 In section 2.3.6 it was stated that an antiferroelectric-to-ferroelectric phase 
transformation is accompanied by significant volume strain, which results from differing 
molar volumes of the AFE and FE phases (in general, VFE>VPE>VAFE).  One unique aspect of 
the PNZST system, which is shared with other antiferroelectric B-site substituted PZT 
systems, is the nature of the strain developed during phase switching—the longitudinal and 
transverse strains (parallel and perpendicular to the applied electric field, respectively) have 
the same sign during antiferroelectric-ferroelectric phase transformations.  In contrast, the 
sign of the longitudinal and transverse strains is opposite in sign in typical piezoelectrics.  As 
a result, very large volume strains, which are desirable for certain applications, can be 
achieved via antiferroelectric-ferroelectric phase switching.  This will be discussed further in 
section 2.5.3. 
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2.4.3 Effect of PbO stoichiometry 
 Ceramics containing PbO are subject to lead volatization during thermal treatment.  
While this can be mitigated by reacting in lead-rich environments or by the addition of 
excess lead to the system, the changing stoichiometry due to an excess or deficiency of Pb2+ 
affects the properties of the system.  In a study on the effect of PbO content on the 
antiferroelectric-ferroelectric phase transformation properties in Y-modified PZST, it was 
reported that excess PbO tended to stabilize the antiferroelectric phase.  However, excess 
PbO was observed to inhibit the maximum longitudinal strain (parallel to the external electric 
field) developed as a result of the antiferroelectric-to-ferroelectric phase transformation.  
Furthermore, it was determined that a up to 5 mol% of excess PbO could be tolerated by the 
perovskite structure in the composition studied [36]. 
2.5 Phase transitions in the solid state 
 Phase transitions occur in solids when at a given thermodynamic condition, the free 
energy of a previously stable phase is no longer the lowest in magnitude, and thus the 
formation of a new phase is preferred.  Phase transitions can be either first order or second 
order§.  In a first order transition, the volume, strain, polarization and crystal structure of the 
system change discontinuously at the transition point.  In a second order transition, these 
parameters change continuously [5].  Because of the differing nature of each transition (i.e. 
continuous versus discontinuous), it has be suggested [33] that a first order transition be 
                                                 
§It is possible for higher-order transitions to exist, but none have been observed.  According to Ehrenfest, for an 
nth-order phase transition, the nth-order derivative of the Gibb's free energy is a discontinuous function at the 
transition temperature [11]. 
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referred to as a phase transformation for clarification; this nomenclature will be adopted in 
this thesis.  
 Considering that the antiferroelectric-ferroelectric phase transformation forms the 
physics basis for most technological applications of antiferroelectrics, a general discussion of 
phase transitions in the solid state will be provided, followed by an examination of the 
thermodynamics and external stimuli affecting the antiferroelectric-ferroelectric phase 
transformation in PZ-based antiferroelectrics. 
2.5.1 Landau theory of phase transitions 
 The Landau theory relates the free energy near a first or second order transition to an 
order parameter, f, which characterizes the system (for example, in a ferroelectric crystal, 
polarization is an order parameter).  By assuming small values of f near the transition, the 
free energy can be expressed as a power series: 
 
( ) ( ) 2 40,G T f G T bf df= + + K  (2-9) 
where G0(T) is the free energy of the disordered (e.g. high temperature) phase as a function 
of some thermodynamic state variable**, and b, d are coefficients.  For a ferroelectric system 
the series does not contain odd powers because the free energy is insensitive to polarization 
reversal [37].  The equilibrium value of f that minimizes free energy must satisfy: 
 ( )22 2 0
T
G f b dff
 ∂
= + = ∂ 
 (2-10) 
                                                 
**
 In this case, only temperature is chosen to yield transparent analysis—however, other parameters could 
theoretically be treated, such as pressure and electric field, which are especially relevant in the case of 
antiferroelectric-ferroelectric phase transformations. 
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G b dff
 ∂
= + > ∂ 
 (2-11) 
Resulting from this analysis are criteria for first and second order transitions: 
Second order 
 The coefficient b changes sign from positive to negative during the transition from 
the disordered to the ordered (e.g. low temperature) phase.  As b approaches zero from the 
positive side, the lattice "softens" and is close to an instability.  The order parameter f is zero 
at the transition temperature (T0), and develops with T < T0. 
First order 
 If f ≠ 0 at T0 and b>0, a phase transformation can still occur.  In this case, however, 
there will be an energy barrier ∆G* which can be overcome by undercooling in order to 
spontaneously form the new phase.  The presence of the energy barrier results in the apparent 
hysteresis associated with a first order transition, with the forward transition occurring at TF 
and the reverse occurring at TA.  For congruency with the topic of this thesis, the subscripts F 
and A can be taken to mean ferroelectric and antiferroelectric phases, respectively.  This is 
demonstrated graphically in Figure 2-17. 
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Figure 2-17: Free energy curves and development of an order parameter during a second order (a) and first order (b) phase 
transition.   The energy barrier to formation of the ferroelectric phase is represented by ∆G*.  After  [33, 37]. 
  
2.5.2 Soft mode theory 
 Soft mode theory was originally conceived to describe the displacive α↔β phase 
transformation in quartz [38].  Later, the theory was developed by Cochran and Anderson to 
describe displacive transformations in ferroelectrics, representing a significant breakthrough 
in the understanding of structural phase transitions [39-41].  Their interpretation 
hypothesized that phase transformations in ferroelectrics might be a result of an instability of 
a normal vibration mode of the lattice.  As the critical transformation temperature is 
∆G* 
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approached, the instability reduces the vibration frequency towards zero and the lattice 
"softens" with respect to this mode.  A displacive phase transformation is resulted by one or 
more soft modes emerging at the transformation temperature as the frequency of a normal 
vibration mode goes to zero.  According to Blinc [42], “the static atomic displacements in the 
low-temperature phase represent the frozen-in displacements of the soft mode in the high-
temperature phase.” 
 The various lattice dynamics contributing to phase transformations in the solid state 
can be considered as either short-range forces (SRF) or long-range forces (LRF).  A 
ferroelectric phase is resulted from the cancellation of short-range interactions by long-range 
Coulombic forces such that the soft-mode frequency for a ferroelectric phase transformation 
is given by [33]: 
 ( ) ( ) ( )2 1 SRF LRFs Tω µ γ= − +    (2-12) 
where µ is the reduced mass, γ is a constant, and T is the temperature.  Since a ferroelectric 
crystal is dominated by long-range dipole ordering, this result is intuitive.  However, in an 
antiferroelectric crystal, where two sublattices are coupled such that adjacent dipoles are 
antiparallel, it is also intuitive to imagine the importance of the short-range interactions in 
determining phase stability.  Samara et al. [43] proposed that the soft mode for 
antiferroelectric ordering can be represented as: 
 ( ) ( ) ( )2 1 LRF SRFs Tω µ γ= − +    (2-13) 
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thus indicating that an antiferroelectric phase is stabilized by short-range forces 
compensating the long-range forces. 
 Yang [44] suggested the terminologies "restoring force" and "distortive force" in the 
context of soft mode theory.  A restoring force stabilizes the parent phase by stiffening the 
soft mode, whereas a distorting force promotes a phase transformation by decreasing the soft 
mode frequency.  In the case of an electric field-induced antiferroelectric-to-ferroelectric 
phase transformation, the electric field is a distortive force which drives long-range 
interactions, de-stabilizing the parent antiferroelectric phase and eventually inducing the 
ferroelectric phase. 
2.5.3 Phase transformations in lead zirconate-based antiferroelectrics 
 Antiferroelectric-ferroelectric phase switching has been shown to take place as a 
function of temperature, pressure, and electric field [24].  The effect of temperature was 
previously discussed in section 2.4, and as such will not be given specific consideration here.  
Given that there is a volume expansion associated with an antiferroelectric-to-ferroelectric 
phase transformation, one would expect various states of stress to strongly influence the 
phase switching characteristics.  Studies have shown that externally applied pressure has the 
effect of stabilizing the more compact antiferroelectric phase [24, 31, 44, 45].  In terms of 
soft mode theory, a hydrostatic pressure enhances the short-range interactions faster than it 
does the long-range Coulomb force.  External pressures have also been shown to generate 
ferroelectric-to-antiferroelectric phase transformations in compositions near an 
antiferroelectric-ferroelectric phase boundary [24, 46, 47].  
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 The use of externally applied electric fields to induce an antiferroelectric-to-
ferroelectric phase transformation has been the topic of many studies to understand and 
characterize the phenomenon.  Typically, the most important parameters observed during 
phase switching are the polarization, critical switching fields, and strains developed, as these 
affect the viability for use in devices (see section 2.5.4).  Figure 2-18 shows data collected 
from an antiferroelectric PLZST 24/10/2 ceramic during cyclic antiferroelectric-ferroelectric 
phase switching [48].  It is evident that the electric field-forced phase transformation (EF ≈ 37 
kV/cm) is accompanied by a significant increase in the polarization and strains.  As noted in 
section 2.4.2, the longitudinal and transverse strains have the same sign at the phase 
transition, which results the realization of large volume strains.  Above EF, where the poled 
ferroelectric phase is stable, the volume strain continues to increase up to Emax as a result of 
the piezoelectric effect.  As the electric field is released, the strains and polarization decrease 
accordingly at the reverse ferroelectric-to-antiferroelectric phase transformation (EA ≈ 8 
kV/cm). 
  
Figure 2-18: Polarization (left) and strains (right) as a function of electric field during antiferroelectric
switching in a PLSZT ceramic [48]. 
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2. The rhombohedral ferroelectric phase (Figure 2-19c) is induced from a tetragonal 
antiferroelectric phase and is accompanied by c-axis expansion.  Because a majority 
of the c-axes are perpendicular to the electric field, there is initially a contraction in 
the longitudinal direction and an expansion in the transverse direction. 
3. The rhombohedral ferroelectric domains align with the electric field via 109° domain 
switching, resulting in a poled ferroelectric (Figure 2-19d). 
4. The volume strain is further increased due the piezoelectric effect as the electric field 
is increased beyond EA (Figure 2-19e). 
5. As the electric field is released, a textured antiferroelectric phase is resulted (Figure 
2-19f).  Heating above the Curie point recovers the random orientation of the virgin 
state. 
 
Figure 2-19: Schematic diagram of antiferroelectric-ferroelectric phase switching in PLZST ceramics [48]. 
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 Maximum longitudinal strains of 0.87% and volume strains as high as 0.95% were 
reported by Pan et al. in two different compositions of PLZST ceramics [28, 45].  They 
showed the theoretical volume strain difference between the ferroelectric and 
antiferroelectric phases as derived from Equation (2-8) is: 
 ( ) ( ) 2indFE AFE/ /v v v v Q P∆ − ∆ = Ω  (2-14) 
Where Pind is the polarization induced by the electric field. Thus, the strain that is resulted 
from the antiferroelectric-to-ferroelectric phase transformation is proportional to the Ω 
coefficient.  The implication is that stronger coupling between the two sublattices produces a 
larger volume change. 
 The behavior during the first cycle of the electric-field induced antiferroelectric-to-
ferroelectric phase transformation differs from that of subsequent cycles.  It has been 
observed that the critical electric field to initially induce the ferroelectric phase out of a 
virgin antiferroelectric phase is greater than in subsequent switching cycles [49].  Pan et al. 
also noted that higher strains than were reported could be observed when switching from the 
virgin state [45].  Under certain circumstances the virgin antiferroelectric state may be 
metastable, and electric fields that induce the ferroelectric phase, once released, do not bring 
about the reverse ferroelectric-to-antiferroelectric transformation.  This phenomenon was 
examined and explained by Yang and Payne [50].    They noted that that the ferroelectric 
phase is induced when an electric field E is applied such that: 
 
FE-AFE *
0F FP dE G G− ≥ ∆ + ∆  (2-15) 
  
where PF is the polarization of the coupled sublattices (
free energies at a given temperature, and 
phase.  There exists a region where the difference in free energies favors the formation of the 
ferroelectric phase, but the antiferroelectric phase persists due to the thermodynamic barrier.  
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2.5.4 Applications of antiferroelectric-ferroelectric phase switching 
 The ability for electric fields to stabilize a ferroelectric phase out of an 
antiferroelectric phase offer unique properties not observed in other materials systems that 
can be taken advantage of for use in devices.  Antiferroelectrics offer increased energy 
storage potential over linear dielectrics and pure ferroelectrics as a result of the reversible 
antiferroelectric-ferroelectric phase transformation.  Figure 2-21 compares the amount of 
recoverable energy due to charge separation in each class of dielectric.  It is obvious that the 
performance of an antiferroelectric is strongly dependent upon the maximum polarization 
(Pm) that can be developed, as well as the forward and reverse switching fields. 
 The large strain produced by the antiferroelectric-ferroelectric phase switching can be 
taken advantage of for use as a transducer.  Uchino proposed the functionality as a  “digital 
displacement transducer” because the large strain difference between the antiferroelectric and 
ferroelectric phases signify “on and off” states [29].  The digital effect, he pointed out, offers 
better controllability than conventional analog actuators for a “swing motion device” which 
uses a sinusoidal voltage to create near-rectangular displacement peaks. 
 
Figure 2-21: Polarization versus electric field (P-E) curves in (a) linear dielectrics, (b) ferroelectrics, and (c) 
antiferroelectrics. The hatched area represents the energy that can be released upon field removal. 
(a) (b) (c) P P P 
E E E EF 
Pm 
EA 
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Chapter 3: Experimental Procedures 
3.1 Sample preparation 
 The ceramic compositions chosen for this study were antiferroelectric in the as-
sintered state at room temperature and close to an AFET/FER phase boundary (Figure 2-16) 
as revealed by previous studies [34, 51, 52].  By increasing the titanium content of the 
system, the tendency towards ferroelectric ordering can gradually be strengthened.  Solid 
solutions of Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 (PNZST 43/100y/2) with y = 0.060, 0.063, 
0.067, 0.069, 0.071, and 0.075 were prepared using the solid state reaction method.  The 
steps for this process are summarized in Figure 3-1. 
 
 
PNZST 
protective 
powder 
PZ 
protective 
powder 
PNZST 
pellet 
Mixing oxides 
Milling 
Drying 
Calcining 
Milling 
Drying 
Cold pressing 
Sintering 
Electroding 
Evaluation 
Repeat 
once 
Figure 3-1: Procedure for conventional mixed-oxides process.  After [1]. 
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 Raw oxide powders of PbO, Nb2O5, ZrO2, SnO2 (Alfa) and TiO2 (Aldrich) with 
purities exceeding 99.9% were batched according to the chemical formula with 5 wt% excess 
PbO to compensate for evaporative losses during the subsequent thermal processes.  Ethanol 
was added to the mixed powders and the slurry was then milled with yttria-stabilized zirconia 
media in a high-density polyethylene container on a vibratory mill for 7 hours.  After drying 
overnight in an oven at 150°C to evaporate the ethanol, the powder was packed into a 
covered alumina crucible and calcined at 850°C for 4 hours.  The calcined powder was once 
again milled for 7 hours, dried in an oven, and calcined a second time ensure formation of a 
pure perovskite phase.  The powder was then milled for an additional 16 hours to reduce the 
particle size in order to facilitate sintering and obtain dense ceramics with low porosity. 
 To form a powder compact, approximately 0.7g of powder was mixed with polyvinyl 
alcohol binder and uniaxially cold pressed in a ⅜″ diameter steel die with 300MPa of 
pressure.  Each powder compact was sintered at 1325°C for 7 hours inside an alumina 
crucible surrounded by protective powder of the same composition; this crucible was in turn 
sealed with PbZrO3 protective powder inside a larger alumina crucible (i.e. a so-called 
“double crucible” method).  Prior to reaching the sintering temperature, the binder was 
burned out at 500°C for 5 hours. 
3.2 Measurements 
 Each sintered pellet was mechanically ground to a final uniform thickness of 
approximately 0.8mm.  After removal of surface layers, X-ray diffraction (Siemens D-500) 
was performed to check phase purity on representative samples.  For electrical 
characterization the circular faces were polished using fine-grit sandpaper and sputter coated 
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with Ag films to form electrodes.  Dielectric characterization was performed at a frequency 
of 1kHz using an LCZ meter (Keithley) in conjunction with an environmental chamber 
operating at a heating/cooling rate of 3°C/min.  Electric field-induced polarization was 
measured with a standardized ferroelectric test system at ~4 Hz (RT-66A, Radiant 
technologies). 
 The strain measurements were performed using a specially-designed setup (Figure 
3-2) that implemented three linear variable displacement transducers (LVDTs; two in the 
transverse direction perpendicular to electric field, one in the longitudinal direction parallel 
to electric field) to measure the electric-field induced strains (x11 and x33, respectively).  The 
electric field was provided by a high voltage amplifier (Trek) in conjunction with a 
programmable function generator.  All measurements were implemented using a bipolar 
electric field (Emax = ± 6 or 7 kV/mm) with a triangular waveform and a standard loading rate 
of 1 kV/mm per second.  Each sample tested was subjected to three consecutive electric field 
cycles during which all signals (electric field E, polarization P, longitudinal strain x33, and 
transverse strain x11) were recorded simultaneously with a multi-channel oscilloscope.    
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Figure 3-2: Setup used to simultaneously measure Polarization (P) and strains (x11, x33) induced by applied electric fields in 
circular disk ceramic samples. 
 For the in situ XRD experiments, the electrodes of the specimens used for strain 
measurements were chemically removed with nitric acid and the specimens were then 
annealed at 350 °C for 1 hour.  Thin Ag films were sputtered to the broad circular faces of 
annealed specimens and a thin copper wire was attached to each electroded face with 
conductive Ag epoxy to form high voltage and ground leads (see Figure 3-3).  Red insulating 
varnish (GC electronics) was applied to all ceramic surfaces except the ground side 
electroded face to prevent arcing.  A high voltage power supply (Trek) was used to apply DC 
voltages to the ceramic during the in situ X-ray experiment, which was carried out on a 
Siemens D500 diffractometer using Cu-Kα radiation.  The data was collected in the θ-2θ 
scan mode on the electroded flat face.    
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 Samples of PNZST 43/6.0/2  chosen for further study were prepared by cold isotatic 
pressing (CIPing) after uniaxial pressing to produce dense, monolithic ceramics after 
sintering.  The monolithic cylinders with diameters of 7 mm were cut into thin slices, 
polished, lapped, and electroded with Ag films on the flat circular faces.  The sample 
subjected to higher electric fields (Emax =  ± 12 kV/mm) had a thickness of 0.19 mm and was 
measured using the same test bed depicted in Figure 3-2.  The sample to which the uniaxial 
pre-stress was applied was 1 mm thick and loaded into the setup shown in Figure 3-4a.  For 
the radial pre-stress test, a cylindrical sample was bore-drilled to a diameter of 5.9 mm, cut to 
a height of 3.0 mm, lapped, and electroded with Ag films on the two flat circular end faces.  
The sample was then loaded into a fixture depicted in Figure 3-4b, which consisted of a stiff 
cylindrical steel housing containing a tightly fit high-density polyethylene tube.  When force 
Silver electrode Conductive epoxy 
99.9985% Copper wire  
Ø=0.1mm 
GC electronics red insulating varnish 
Ground 
High-voltage 
Figure 3-3: Schematic of the samples used for in-situ XRD experiment under electric fields.  Bold arrows indicate 
approximate path of incident and diffracted X-rays (in and out of plane of page). 
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was applied axially to the incompressible polyethylene, its deformation applied a radial 
compressive stress to the sample.  Under both mechanical confinements, bipolar electric 
fields with a peak value of 6 kV/mm were applied along the axial direction to trigger the 
phase transformation. The applied field also took a triangular wave form with a frequency of 
0.05 Hz. 
 
 
Figure 3-4: The schematic of the loading fixtures for compressive pre-stresses: (a) uniaxial and (b) radial. 
 
  
Sample Spacer 
Sample 
Polyethylene Steel 
(a) (b) 
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Chapter 4: Results and Discussion 
4.1 Crystal structure 
 X-ray diffraction was performed on the two end members of the compositional range 
studied (y = 0.060, 0.075) in order to confirm the antiferroelectric tetragonal structure in the 
as-sintered state.  The results are shown in Figure 4-1.  The diffraction patterns indicate that 
all compositions studied were phase-pure perovskite structures exhibiting tetragonal 
symmetry.  This is evidenced, for example, by the splitting of the pseudo-cubic {200}c peak 
observed over the 2θ range from 43.5 ° to 45°, as shown in the inset.  This is consistent with 
Figure 2-16. 
4.2 Dielectric properties 
 Dielectric constant (εr) and loss (tan δ) data, which can be used to indicate phase 
stability as a function of temperature, were collected on all compositions studied.  The results 
are shown in Figure 4-2, where the arrows indicate either heating or cooling.  Upon cooling 
from high temperatures each ceramic first experiences a transformation from a single-cell 
cubic phase (PESC) to a multi-cell cubic phase (PEMC) just below ~170°C.  This 
transformation is only apparent in the dielectric constant data.  Because of symmetry, both 
phases are paraelectric, and exhibit no long-range dipolar ordering.  A plateau region in the 
dielectric constant is associated with the PEMC phase. 
 Further cooling induces a phase transformation to the tetragonal antiferroelectric 
phase (AFET) at Tc ~ 120°C as indicated by a peak and a sharply decreasing εr just below Tc.  
A more subtle transformation occurs at temperatures below ~0°C as indicated by a shoulder 
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in εr; this marks the boundary between the low-temperature rhombohedral ferroelectric phase 
(FER) and the AFET phase.  This transformation can more easily be seen in the loss tangent 
data in Figure 4-2b and Figure 4-2c.  All compositions studied exhibited low dielectric loss 
(tan δ < 0.001) in the PESC, PEMC, and AFET phases; however, the AFET↔FER phase 
transformation is marked by an order-of-magnitude change in tan δ.  The change is abrupt in 
higher Ti content samples (i.e. y = 0.071, 0.075) but more diffuse in samples with lower Ti 
content.  In addition, significant thermal hysteresis (∆T ~ 50°C)  exists in the temperature-
induced AFET↔FER phase transformation as revealed by comparing Figure 4-2b and Figure 
4-2c. 
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Figure 4-1: X-ray diffraction spectra for the as-sintered PNZST 43/100y/2 ceramics showing the two end compositions (y = 
0.060, 0.075) of the  range studied.  The inset in the upper right corner shows the peak-splitting that is indicative of the 
tetragonal structure. 
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Figure 4-2: Dielectric properties of PNZST 43/100y/2 ceramics measured at 1 kHz: (a) dielectric constant and (b) dielectric 
loss during cooling, and (c) dielectric loss during heating.  The legend shown in (b) is applicable to all plots. 
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 Whereas the temperatures for the AFET↔PEMC and PEMC↔PESC phase 
transformations depend weakly on composition, those for the AFET↔FER transformations 
are a strong function of Ti content.  Additionally, a clear trend is seen in the magnitude of the 
peak dielectric constant as a function of increasing Ti content; the maximum εr recorded for 
the lowest Ti content sample (y = 0.060) is ~1400, but a peak value of ~2120 was observed in 
the highest Ti content sample (y = 0.075).  As the Ti content increases, the peak 
corresponding to the AFET↔ PEMC transformation becomes sharper and more pronounced.  
Previous studies over wider compositional ranges showed that further increase Ti content 
reduces the temperature range over which the AFET and PEMC phases are stable until they 
eventually disappear at y ≥ 0.12 [34, 53].  The εr versus T curve in such compositions exhibits 
a single peak at the Curie temperature without a plateau. 
4.3 Polarization versus electric field hysteretic behavior 
 An externally applied electric field is also an effective stimulus to induce the 
antiferroelectric to ferroelectric phase transformation.  Polarization versus electric field 
hysteresis loops were collected at room temperature on all compositions studied, as shown in 
Figure 4-3.  Samples with lower Ti content (y = 0.060, 0.063) exhibit well-defined double 
hysteresis loops characteristic of antiferroelectric materials.  In composition y = 0.060 the 
antiferroelectric phase persists to EF ≈ 3.2 kV/mm at which point it transforms to the 
ferroelectric phase as indicated by the sharply rising macroscopic polarization as the cation 
displacements are forcibly aligned closely parallel to the external field.  Upon release of the 
field, the antiferroelectric phase reappears below EA ≈ 1.6 kV/mm.  Square single hysteresis 
loops were observed in y = 0.075.  Sample y = 0.071 exhibited a slightly distorted or less 
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square hysteresis loop compared to y = 0.075.  Intermediate compositions (y = 0.067, 0.069) 
exhibited distorted hysteresis loops of mixed antiferroelectric and ferroelectric character.   
 The appearance of single hysteresis loops for samples y = 0.071, 0.075 seems to 
contradict the X-ray diffraction data findings which indicate that all samples exhibit 
antiferroelectric ordering at room temperature.  Such a discrepancy is explained by the 
differing behavior of a virgin sample and a field-exposed sample.  The computer program 
controlling the Radiant RT-66A test system automatically discards the data recorded during 
the very first cycle of electric field application, so the hysteresis loops present in Figure 4-3 
were measured after one or more full cycles of electric field exposure.  The polarization 
developed from the as-sintered state under electric fields for the sample with the weakest 
antiferroelectric ordering (y = 0.075, Figure 4-4) reveals that the antiferroelectric phase is 
indeed stable in the ground state; however, once the ferroelectric phase is induced for the first 
time at EF0, no reverse transformation to the antiferroelectric phase is apparent upon field 
removal and subsequent switching of the electric field polarity.  As discussed in section 
2.5.3, such a phase transformation is deemed field-assisted.  In contrast, the AFET→FER 
phase transformation in y = 0.060 is field-forced. 
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Figure 4-3: Polarization versus electric field hysteresis loops for the as-sintered PNZST 43/100y/2 ceramics at room 
temperature measured at ~4 Hz. 
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Figure 4-4: Very first one and a quarter cycle response to externally applied electric fields in PNZST 43/7.5/2. 
 A mixed-behavior sample with composition y = 0.067 was chosen for further study to 
reveal the temperature-dependent hysteresis behavior.  The results are shown in Figure 4-5.  
At sub-ambient temperatures, the ferroelectric phase is stabilized as the double hysteresis 
loops appear to merge into a single one.  Further decrease in temperature inhibits domain 
reorientation but enhances the polarization developed; thus increases in the remanent and 
saturated polarizations (PR and PS, respectively) and the coercive field (EC) are observed.  
This behavior is consistent with that of normal ferroelectrics.  At room temperature (~20°C), 
the same hysteresis loop is observed as in Figure 4-3.  Upon increasing the temperature, the 
antiferroelectric phase is stabilized as indicated by the separation into distinctive double 
hysteresis loops and the increase in both EF and EA.  These results suggest that coexistence of 
ferroelectric and antiferroelectric phases over some temperature range is possible. 
 It is important to note that while either increasing the temperature or decreasing the Ti 
content has a similar effect of stabilizing the antiferroelectric phase, increased temperatures 
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allow for easier backwards switching from the induced ferroelectric phase to the 
antiferroelectric phase.  This can be seen if one compares the behavior of the y = 0.067 
ceramic at 80°C (Figure 4-5) with that of the y = 0.060 ceramic at room temperature (Figure 
4-3).  In both cases EF is comparable; however, EA is significantly lower in the latter case, 
indicating that the ferroelectric phase persists to a lower field strength before reverting to the 
antiferroelectric phase in PNZST 43/6.0/2.  Typically, slim hysteresis loops with EA close to 
EF are desired for energy storage because the area of the loops is proportional to the amount 
of energy dissipated by the system (i.e. the energy loss). 
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Figure 4-5: Temperature-dependent hysteresis behavior of PNZST 43/6.7/2. 
4.4 Strains during the electric field-induced phase transformation 
 The ability to simultaneously measure the longitudinal, transverse, and volume strains 
(x33, x11, x33+2x11, respectively) as a function of applied electric fields is an important tool to 
fully characterize AFET↔FER phase switching.  The strains recorded during the first cycle of 
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electric field are shown in Figure 4-6.  During the application of electric field to a virgin 
sample, the antiferroelectric phase persisted up to a critical field value EF0.  In all samples 
tested it was observed that EF0 was larger in magnitude than EF, which here is considered the 
critical field necessary to induce the ferroelectric phase in a field-exposed (not virgin) 
sample.  At EF0 both x33 and x11 increased abruptly, meaning the ceramic expanded in all 
directions.  The magnitude of the strain induced by the antiferroelectric to ferroelectric phase 
transformation during the first quarter cycle was observed to be a weak function of Ti content 
in the compositional range studied.  Above EF0, the ceramics were in a poled ferroelectric 
state, and as such were piezoelectric.  Accordingly, the longitudinal and volume strains 
further increased monotonically to maximum values of ~0.28% and ~0.42%, respectively, at 
Emax in compositions 0.063 ≤ y ≥ 0.071.  This peak value was slightly lower in y = 0.060 and 
slightly higher in y = 0.075.  Upon subsequent decrease of the electric field, the longitudinal 
and volume strains decreased monotonically until EA was reached.  It should be noted that EA 
has a sign opposite to EF0 in compositions y = 0.069, 0.071, 0.075.  Furthermore, in samples 
with lower Ti content (y = 0.060, 0.063, 0.067), nearly all the longitudinal strain was 
recovered as a result of the reverse FER→AFET transformation; in samples with higher Ti 
content (y = 0.069, 0.071, 0.075), permanent expansion in the longitudinal direction was 
observed. 
 In contrast to the longitudinal strain, the transverse strain magnitude was not observed 
to correspond directly to the applied electric field for all compositions.  During electric field 
loading above EF0 (or EF), x11 increased slowly and plateaued below Emax; in samples with 
higher Ti content, x11 decreased slightly before reaching Emax. This is especially pronounced 
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as shown in the inset for sample y = 0.075.  The transverse strain at Emax during the first 
quarter cycle was ~0.07% for all compositions.  As the electric field was unloaded, all 
samples immediately expanded in the transverse direction.  For compositions y = 0.069, 
0.071, 0.075, this expansion continued until a field strength of EA was reached (EA is 
negative in these three compositions), at which point x11 decreased abruptly.  In compositions 
y = 0.060, 0.063, 0.067, the transverse strain reached a maximum at a field strength between 
Emax and EA and then decreased gradually until EA was reached.  Furthermore, all samples 
experienced permanent deformation in the transverse direction at the end of the first cycle of 
electric field application; ceramics with compositions y = 0.060, 0.063 shrunk in diameter 
while ceramics with compositions y = 0.067, 0.069, 0.071, 0.075 expanded in diameter 
(relative to the virgin state).  This is indicative that after the FER phase has been induced by 
electric field, the return of the AFET phase is characterized by some degree of texture. 
 
 
 
 
 
Figure 4-6: Radial strains (x11, left column), longitudinal strains (x33, right column) and calculated volume strains (x33+2x11, 
right column) developed under the first cycle of externally applied electric fields in PNZST 43/100y/2 ceramics. 
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Figure 4-6: (continued). 
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4.4.1 Trends in critical parameters 
 The longitudinal strain x33 data in PNZST 43/6.9/2 is replotted in Figure 4-7a in order 
to clarify the critical electric fields pertaining to the complicated antiferroelectric ↔ 
ferroelectric switching behavior.  Figure 4-7b shows the compositional dependence of five 
critical electric field values: ½∆E0, ½∆ E, EF0, EF, and EA.  The longitudinal strain (x33) vs. E 
data after multiple electric field cycles was used to determine an average value for each 
parameter.  EF and EA were taken as the onset of the sharply changing strain associated with 
the AFET→FER and FER→AFET transformations, respectively.   ½∆E is a measure of the 
energy barrier to nucleating the FER phase from the AFET phase (and vice versa), and was 
determined as half the width of the strain hysteresis loop formed by the AFET→FER→AFET 
series of transitions contained within one half-cycle of electric field application.  Therefore, 
½∆E is equivalent to the coercive field EC in the induced ferroelectric phase.  The “0” 
subscripts indicate a value that was determined during phase switching from the virgin state 
(i.e. only the first quarter cycle data was used to quantify these values). 
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Figure 4-7: Summary of critical parameters characterizing the antiferroelectric-ferroelectric phase transition in PNZST 
43/100y/2 ceramics as a function of composition.   The values were determined from the longitudinal strain versus electric 
field (x33 vs. E) plots for each composition.  An example from y = 0.069 is shown in (a) that displays how the values in (b) 
were determined. 
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 It is evident that as the Ti content is increased, the ferroelectric order in the ceramic is 
gradually strengthened.  This is demonstrated by a nearly linear change of EF0 and EA with 
composition (y).  EF is offset from EF0 by a constant value for samples y = 0.060, 0.063, 
0.067, but this offset increases dramatically in the compositions with higher Ti content.  This 
indicates that the response in these ceramics after exposure to electric fields differs 
dramatically than that in the virgin state.  ½∆ E0 and ½∆E, in contrast to the other 
parameters, are only weakly dependent on composition.  Again, ½∆ E is offset from ½∆ E0 
by a near-constant value for lower Ti content samples, but this offset increases dramatically 
in samples y = 0.071, 0.075.  Composition y = 0.069 exhibited the largest ½∆E value, which 
could be a result of it being the first composition in which the sign of EA differs from EF.  In 
composition y = 0.075 EA appears to coincide with ½∆E, (which as previously stated is 
synonymous with the coercive field EC in the induced ferroelectric phase); this suggests that 
the growth of the AFET phase out of the induced FER phase and  polarization reversal of the 
induced FER domains are energetically degenerate processes, and it is unclear from strain 
measurements alone which process is dominant in this ceramic. 
4.4.2 Comparison with normal ferroelectric behavior 
 The strains associated purely with the piezoelectric effect during one full electric field 
cycle in a ferroelectric PZT ceramic are shown in Figure 4-8 for comparison.  After domain 
reversal at +EC, x33 increases monotonically up to Emax and then decreases monotonically to  
–EC; the same trend is mirrored during the second half of the cycle.  From Equation (2-5) it 
can be deduced that the piezoelectric coefficient d33†† is positive by assuming a stress-free 
                                                 
††
 Here, the matrix form of the piezoelectric coefficient is used (dij).  For a poled ferroelectric ceramic, there are 
three independent piezoelectric coefficients: d31, d33, and d15 [3]. 
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condition (i.e. X = 0).  The transverse strain behaves in the opposite manner by which x11 
decreases monotonically up to Emax and then increases monotonically to –EC; therefore d31 is 
negative.    
-8 -6 -4 -2 0 2 4 6 8
-0.02
0.00
0.02
0.04
0.06
-0.06
-0.03
0.00
0.03
0.06
0.09
0.12
 
x 3
3+
2x
11
 
(%
)
E (kV/mm)
x11
PZT88/12
x 3
3,
 
x 1
1 
(%
)
x33
x33+2x11
-Ec
 
Figure 4-8: Strain measurement on a ferroelectric polycrystalline ceramic Pb(Zr0.88Ti0.12)O3. 
 The previously discussed trend in x33 of the (poled) electric-field induced ferroelectric 
phase of the PNZST ceramics is the same as that of x33 in the poled PZT in Figure 4-8.  Some 
degree of similarity is also observed between the plots of x11 for the PZT sample and for the 
PNZST samples with higher Ti content (y = 0.069, 0.071, 0.075)—specifically, the slight 
peak of x11 as the electric field approaches EA resembles the peak of x11 in the ferroelectric 
PZT sample near EC.  As the arrow in Figure 4-7b indicates, a critical composition exists at y 
~ 0.068 at which point the sign of EA is flipped (e.g. if EF and Emax are positive, EA becomes 
negative).  Since EC is always the opposite sign of Emax, this represents a unique correlation 
between EC and EA in these compositions, which will be addressed later. 
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 However, the electric field-induced ferroelectric phase in PNZST ceramics is most 
notably characterized by the striking difference in behavior of x11 as a function of applied 
electric fields as compared with a typical PZT ferroelectric. Normal ferroelectric ceramics 
always contract in transverse directions when stretched by uniaxial electric fields, as in 
Figure 4-8 (with few rare exceptions [54]).  In contrast, the induced ferroelectric phase in 
sample y = 0.060 continued to expand in the transverse direction all the way up to Emax (as 
evidenced by the monotonic increase of x11 up to 6 kV/mm).  The strains of the induced 
ferroelectric phase were investigated at higher electric fields (E > 6 kV/mm) to reveal the 
behavior far away from the antiferroelectric-to-ferroelectric phase transformation.  The 
loading sequence displayed in Figure 4-9a resulted in the corresponding strains shown in 
Figure 4-9b in y = 0.060.  The sequence represents the first (segments A and B) and second 
(segments C and D) unipolar electric field cycles experienced in the induced ferroelectric 
phase.  Similar to the behavior at lower fields, the trend in x33 maps almost 1:1 onto the 
electric field profile, while a decoupling from the electric field is observed in x11.  It is 
interesting to note that for a given loading rate (1 kV/mm per second) the peak in value of x11 
during the electric field unloading is offset from the peak value of electric field by a near-
constant time shift, regardless of Emax.  This is evident by comparing Figure 4-9b, in which it 
can be seen that in both segment B and D the maximum x11 value occurs approximately 4 
seconds after Emax = 14 kV/mm is applied, with Figure 4-10, which demonstrates how a 
similar delay of ~3.5 seconds is observed when Emax is only 6 kV/mm.  
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Figure 4-9: The response of the electric field-induced ferroelectric phase sample y = 0.060 to unipolar electric fields up to 14 
kV/mm. (a) The profile of the applied electric field, where point Z denotes the origin for the data shown in (b) with 
corresponding segments A, B, C, and D.  (c) The instantaneous strain ratio –x11/x33 calculated from original dimensions at 
point Z. 
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Figure 4-10: Transverse strain data during the first half cycle of electric field application showing how x11 is decoupled from 
the electric field in y = 0.060. 
 Figure 4-9c is a plot of the instantaneous strain ratio –x11/x33 during each loading and 
unloading segment.  It remains negative between -0.19 and -0.07 for all four segments, 
indicating an auxetic behavior under electrical loads in the induced ferroelectric phase.  
Auxetics refers to materials that become thicker in transverse directions when stretched 
longitudinally.  Clearly the induced ferroelectric phase does not behave like a normal 
ferroelectric ceramic. 
 The key mechanism for the auxetic behavior may reside in the structure.  For 
example, auxetic behavior under mechanical loads has been theoretically predicted and 
experimentally confirmed in non-ferroelectric α-cristobalite, which possesses large elastic 
anisotropy and a rigid network of corner-linked SiO4 tetrahedra [55, 56].  Similarly, the 
electric field-induced ferroelectric phase of PNZST belongs to the space group R3c and is 
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composed of corner-linked oxygen octahedra (see Figure 2-10) with octahedral tilts likely on 
the order of 1°~5° as in rhombohedral PZT ceramics [57].  Electric fields directed along the 
polar <111>c axis cause expansion in this direction due to the piezoelectric effect.  If the 
tilted oxygen octahedra are correspondingly straightened, transverse expansion will occur, 
and auxetic behavior will be observed. 
 The conditions for straightening the oxygen octahedra are evidently unique to the 
PNZST antiferroelectric ceramics studied here.  The antiferroelectric parent phase from 
which the ferroelectric phase is induced is a hierarchical structure consisting of a 
checkerboard array of large 90° domains inside of which reside thin stripes of 180° domains 
only ~1nm in thickness [51].  It is conceivable that even in the presence of strong polarizing 
electric fields, the induced ferroelectric phase carries some traits of its parent phase, resulting 
in a unique domain structure that provides a key distinction from a normal ferroelectric phase 
that does not exhibit auxetic behavior. 
4.5 In-situ XRD study of PNZST 43/6.0/2 and 43/7.1/2 
 The strain and polarization data provide a good understanding of the macroscopic 
behavior of PNZST ceramics under electric fields.  To provide a complement to this 
information and probe deeper into the phase switching behavior, in-situ XRD was used to 
characterize the structure of the PNZST ceramics under electric fields at the microscopic 
level. 
 Two samples were chosen for in-situ XRD characterization: y = 0.060 and 0.071.  
Figure 4-6 demonstrates how y = 0.060 exhibits prototypical antiferroelectric behavior 
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characterized with EF and EA possessing the same sign (both positive or negative) during the 
same half cycle of electric field exposure.  In sample y = 0.071, on the other hand, EF and EA 
differ in sign during the same half cycle; this suggests that the field-induced ferroelectric 
phase is metastable once the field is removed, and electric fields with a reversed polarity 
appear to trigger an electric field-induced ferroelectric-to-antiferroelectric phase 
transformation.  However, the extent of the ferroelectric-to-antiferroelectric phase 
transformation diminishes dramatically with increases in y; for example, in sample y = 0.071 
it appears that approximately half the grains in the ceramic experience the electric field-
induced ferroelectric-to-antiferroelectric phase transformation given the difference in volume 
expansion at EF0 and the volume contraction at EA (0.40% and -0.18%, respectively). 
 The results of the in-situ XRD study, shown in Figure 4-11, give further evidence of 
the electric field-induced ferroelectric-to-antiferroelectric phase transformation.  For the 
experiment, both samples were initially in the as-sintered state.  The results for y = 0.060 are 
summarized in Figure 4-11a–c while Figure 4-11d–f shows the results for y = 0.071.  Before 
electric field exposure both virgin ceramics exhibited tetragonal (T) symmetry consistent 
with the findings shown in Figure 4-1.  Exposing both ceramics to electric fields with 
magnitudes above EF during the third quarter of the first electric field cycle stabilized the 
ferroelectric phase and caused a rhombohedral (R) distortion of the perovskite structure [58] 
as confirmed by the disappearance of the T(200)/T(002) splitting (2θ ~ 44º) and the presence 
of splitting of R(222)/R( 222 ) (2θ ~ 81º).   
 When the electric field was unloaded from y = 0.060 at the end of one electric field 
cycle, the antiferroelectric phase with tetragonal distortion was resumed.  The disappearance 
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of the R(222) peak in Figure 4-11b indicates a complete return to the antiferroelectric 
tetragonal phase while the decreased intensity of the T(002) peak relative to that of the virgin 
state suggests a texture has developed [48, 58].  Texture development is expected, as 
previously discussed (see Figure 4-6).  Obviously the reappearance of the T(002) peak can be 
considered as the signature for the antiferroelectric tetragonal phase.  For emphasis this peak 
is highlighted by the dashed box in Figure 4-11a. 
 In y = 0.071 the rhombohedral ferroelectric phase persisted to zero field at the end of 
the electric field cycle.  However, when an electric field with reversed polarity at a 
magnitude of 0.5kV/mm was applied, the T(002) signature peak reappeared (highlighted by 
the dashed box in Figure 4-11d), conclusively marking the occurrence of the electric field-
induced ferroelectric-to-antiferroelectric phase transition. Compared to the (x33+2x11) vs. E 
curve for y = 0.071 in Figure 4-6, the field 0.5kV/mm is within the field range exhibiting the 
lowest readings (smallest volume).  In addition, this field level is almost identical to the 
coercive field EC of the induced ferroelectric phase (see Figure 4-3). 
 The volume of the prime cell (containing one ABO3 formula unit) was calculated for 
each measurement by assuming either pure rhombohedral or tetragonal structures.  The 
results are shown in Figure 4-11c for y = 0.060 and Figure 4-11f for y = 0.071.  Error bars 
were calculated given uncertainty in the peak position based upon the 2θ step size used 
during data collection.  For both compositions a cell volume expansion of ~0.6% resulting 
from the antiferroelectric-to-ferroelectric phase transformation was observed; this is in good 
agreement with the macroscopic strain measurements which indicated a volume expansion of 
~0.4% occurred as a result of the phase transformation. 
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Figure 4-11: The results from X-ray diffraction experiments on annealed ceramic specimens under electric fields at 25 °C.  
(a), the pseudo-cubic {200}c peak, (b), the pseudo-cubic {222}c peak and (c), the prime cell volume of PNZST43/6.0/2.  (d), 
the {200}c peak, (e), the {222}c peak and (f), the prime cell volume of PNZST43/7.1/2.  The evolution of the T(002) peak 
under different conditions is highlighted by the dashed boxes in (a) and (d). 
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 The thought that electric field can stabilize an antiferroelectric phase out of a 
ferroelectric phase is highly counterintuitive.  As was previously suggested, there may be 
some correlation between EA and EC in certain PNZST ceramics with compositions near the 
AFET/FER phase boundary.  As Figure 4-8 demonstrates, a poled PZT ceramic reaches a 
minimum volume contraction near EC due to the converse piezoelectric effect.  Since 
compressive stresses can force ferroelectric-to-antiferroelectric phase transformations (see 
section 2.5.3), it is possible the complex distribution of stresses in polycrystalline oxides due 
to the anisotropy in piezoelectric strain and randomly oriented grains is able to trigger the 
phase transformation.  Such an event is perhaps better referred to as an electric field-
mediated phase transformation.  Given that the volume strain is only partially recovered 
during the electric field-induced ferroelectric-to-antiferroelectric phase transition in y = 0.071 
at 25°C (Figure 4-6), most likely only those grains with higher piezoelectric response are 
transformed to the antiferroelectric phase.   
 What is unique about the composition y = 0.071 is how close in free energy the 
ferroelectric and antiferroelectric phases are at room temperature.  From the polarization 
hysteresis loops (Figure 4-3) it was suggested that there is some mixed antiferroelectric and 
ferroelectric character in PNZST samples with 0.063 < y < 0.075.  Additionally, the dielectric 
loss data in Figure 4-2 shows that (depending on thermal history) either ferroelectric or 
antiferroelectric ordering can dominate at room temperature (~25°C) in y = 0.071.  This 
allows the electric field-induced ferroelectric phase to remain metastable when the electric 
field is removed, but also allows the antiferroelectric phase to be stabilized with small 
internal compressive stresses.   
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 Sample y = 0.075 also exhibits the ability to support either antiferroelectric or 
ferroelectric ordering depending on thermal history, but as evidenced by  the strain data 
(Figure 4-6) the ferroelectric ordering is strong enough to prevent any ferroelectric-to-
antiferroelectric phase transformation.  Thus, the key factor for the seemingly unlikely 
electric field-induced ferroelectric-to-antiferroelectric phase transition is the composition.  
The balance between antiferroelectric and ferroelectric free energies allows this unique 
phenomenon to be observed in y = 0.071. 
4.6 Influences of radial and axial mechanical confinements on PNZST 43/6.0/2 
4.6.1 Experimental findings 
 While the stresses experienced by the induced ferroelectric phase near EC were 
manifested internally and likely highly non-uniform, externally applied compressive stresses 
can also have profound effects on the antiferroelectric-to-ferroelectric phase switching 
behavior in antiferroelectric ceramics.  The impact of axial and radial mechanical 
confinements on phase switching was investigated in y = 0.060 by recording polarization 
hysteresis loops at several stress levels.  The mechanical load was first applied to the 
ceramic, followed by electric field cycling along the axial direction.  As expected, both radial 
and axial compressive pre-stresses suppressed the formation of the induced ferroelectric 
phase (i.e. EF was increased relative to the stress-free condition).  It was also observed that 
axial compressive stresses were comparably more effective at delaying the phase 
transformation than radial compressive stresses (0.018 kV/mm per MPa versus 0.005 kV/mm 
per MPa, respectively) 
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 The maximum polarization (Pm) developed at Emax = 6 kV/mm was used to track the 
extent of the electric field-induced antiferroelectric-to-ferroelectric phase transformation 
under each pre-stress condition (Figure 4-12).  The two different mechanical loading 
orientations had very distinctive effects on the polarization behavior under electric fields.  
Under axial compressive stresses up to 90MPa, Pm was relatively unchanged; this indicates 
the electric field-induced phase transformation was complete in the whole volume of the 
sample.  However, at an axial compressive stress of 100 MPa, the phase transformation was 
significantly suppressed.  Further increase up to 250 MPa completely prevented the phase 
transformation from occurring below Emax = 6 kV/mm. 
 In contrast, the electric field-induced phase transformation was suppressed in a 
gradual manner with radial compressive pre-stresses.  Pm developed in this loading 
configuration decreased almost linearly with the compressive stress magnitude up to 
~270MPa, beyond which transformation to the ferroelectric phase was completely 
suppressed.   
 These observations can be rationalized by considering that the compressive pre-
stresses affect the antiferroelectric domain structure of the ceramics prior to any electric field 
exposure.  Non-180° antiferroelectric domains are also ferroelastic and hence are affected by 
stresses.  In fact, ferroelastic domain switching in antiferroelectric ceramics has been 
reported to occur at uniaxial compressive stress levels as low as 20 MPa [59].  However, the 
resulting domain orientations differ depending on the configuration of the compressive stress.  
Under axial stress, the c-axes of the tetragonal unit cells (i.e. <001>c direction) preferentially 
align along the loading axis (because in the unit cell, c < a = b) [60].  Consequently, more  
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a–b planes containing the anti-parallel Pb2+ displacements along <110>c are perpendicular to 
the electric field loading axis.  In other words, there is a tendency for the local dipoles to be 
randomly distributed in the plane perpendicular to the electric field prior to the phase 
transformation.  This produces a relatively strong texture in the ceramic. 
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Figure 4-12: Relative change in maximum polarization (Pm) developed at Emax = 6 kV/mm in PNZST 43/6.0/2 ceramics 
subjected to axial and radial compressive pre-stresses. 
 The scenario is hypothesized to be different for the radial pre-stress condition.  The 
primary effect of the loading configuration induces ferroelastic domain switching that 
preferentially orients the c-axes (<001>c) along radial directions perpendicular to the 
subsequent electric field loading axis.  As a secondary effect, the Pb2+ dipole moments along 
<110>c will have a tendency to be parallel to the electric field; however, the alignment of 
<001>c c-axes along a radial direction does not necessitate that the Pb2+ dipole moments 
along <110>c be parallel with the electric field direction (hence it is referred to here as a 
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secondary effect).  Therefore, the texture (relative to the electric field direction) is 
comparatively weaker. 
 The induced rhombohedral ferroelectric phase is characterized by parallel dipole 
moments oriented along <111>c. During the antiferroelectric-to-ferroelectric phase 
transformation under uniaxial pre-stress conditions, the dipoles align and rotate ~35° toward 
the electric field (from <110>c to <111>c).  Due to the pre-existing texture, axial compressive 
stresses serve to suppress the antiferroelectric-to-ferroelectric phase transformation uniformly 
in an “all or nothing” manner—in other words, there is essentially a critical stress magnitude 
above which the transformation can no longer be realized for a given Emax, causing the 
precipitous drop-off in Pm of Figure 4-12.  In the radial pre-stress condition, on the other 
hand, the varying tilts of the <110>c vectors with respect to electric field first results in only 
those with the most unfavorable orientations to be prevented from orienting along the <111>c 
and transforming to the ferroelectric phase.  With increasing radial stress fields, gradually 
more dipole moments will be prevented from aligning and inducing the ferroelectric phase 
until eventually the phase transformation is completely suppressed at a given Emax.   
4.6.2 Theoretical model 
A phenomenological model describing the electric field-induced phase transformation 
under mechanical confinements can be written as follows: 
 ( ) ( ) ( ) ( )p e cG G G G= − −P,P,X P,P X P,P,X  (4-1) 
where Gp is the free energy of polarization, Ge is the complementary strain energy, and Gc 
characterizes the coupling between the stress field X, the ferroelectric polarization PF, and the 
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antiferroelectric polarization PA.  If the substitutions P = ½ (Pa + Pb) and P  = ½ (Pa - Pb) are 
made in Equation (2-8), the form of the polarization-energy function can be derived: 
 ( ) ( )2 2 4 4 6pG AP BP C P P PP= + + + +P,P  (4-2) 
where 2 i iP P P=  and 2 i iP P P=  with the repeated indices representing a summation.  Taking 
the leading terms and assuming Gc depends on the invariants, iiX , 2P , 2P ,  i ij jP X P , and 
i ijP X P , the coupling energy can be written in the form: 
 ( ) 2c i ij j i ij iiG PX P PX P X Pξ ψ ζ= + +P,P,X  (4-3) 
The first term in Equation (4-3) represents the complementary strain energy induced through 
ferroelastic domain switching in the induced polar state, the second term is from the shape 
change due to the antiferroelectric ferroelastic domain switching, and the last term arises 
from the significant volume increase during the phase transition.  A term 2iiX P  was omitted 
after comparison with experimental data.  Substituting Equations (4-3) and (4-2) into 
Equation (4-1) and making appropriate assumptions allows for the derivation of a 
constitutive relations for the electric field and the normal strain components. These relations 
capture the essence of the polarization evolution under electric fields with both axial and 
radial mechanical confinements and can interpret the observed experimental data very well 
[61].     
  
74 
 
 
Chapter 5: Conclusions and Future Work 
 In this work, the antiferroelectric-ferroelectric phase switching behavior of 
Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 (PNZST 43/100y/2) with compositions near the 
tetragonal antiferroelectric / rhombohedral ferroelectric phase boundary (y = 0.060~0.075) 
were characterized. 
 Ceramics with compositions far from the phase boundary (e.g. y = 0.060) underwent a 
reversible field-forced antiferroelectric ↔ ferroelectric phase transformation and could find 
use in energy storage devices or digital transducers (due to the on/off states encoded in the 
strain accompanying the transformation).  The ceramic with composition y = 0.075 
underwent an irreversible field-assisted antiferroelectric → ferroelectric phase transformation 
after which the ferroelectric phase was stable with subsequent electric field cycling.  
Ceramics with intermediate Ti contents exhibited mixed antiferroelectric/ferroelectric 
character after multiple electric field cycles.  Those with compositions y = 0.069 and 0.071 
retained a significant percentage of the strain of the induced ferroelectric phase after 
complete field removal; this strain could be recovered with a small reverse bias.  This 
suggested that the ferroelectric phase was metastable after field removal and electric fields 
with reversed polarity could trigger a ferroelectric-to-antiferroelectric phase transformation.  
Investigation with in-situ XRD confirmed the electric field-induced ferroelectric-to-
antiferroelectric phase transformation in PNZST 43/7.1/2 ceramics.   
 This discovery may lead to new electric energy storage devices.  Typically, energy 
stored in capacitors utilizing antiferroelectric materials makes use of a field-forced phase 
transformation, which requires that a voltage be maintained to prevent the reverse 
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transformation and subsequent energy discharge.  The key advantage offered by 
compositions reported here is the ability to store energy in the metastable ferroelectric phase 
without the need to maintain a voltage.  On demand, the stored energy can be released upon 
application of a minor electric field with reversed polarity.  Before such devices can be put 
into use, several key questions must be answered.  First, the longevity of the metastable 
ferroelectric phase at zero field should be evaluated to ensure any electrical energy stored in 
ferroelectric phase is not lost if the ceramic slowly reverts to the non-polar antiferroelectric 
phase as it ages.  A previous study by He and Tan [34] investigated the time-induced reverse 
transition at room temperature from the metastable ferroelectric phase in PNZST 43/7/2.  It 
was found that the time-scale is on the order of hours; 150 hours after the phase was induced, 
the reemergence of the antiferroelectric phase was detected by Raman spectroscopy.  
However, it should be noted that the hysteresis loop of their PNZST 43/7/2 sample appeared 
to possess a significant antiferroelectric distortion; the PNZST 43/7.1/2 samples studied 
herein comparatively possessed stronger ferroelectric ordering, and would thus likely be less 
susceptible to detrimental ageing effects. 
 Another critical issue that warrants in-depth investigation is how repeated 
antiferroelectric ↔ ferroelectric phase switching impacts the operation, performance, and 
failure of energy storage capacitors.  Specifically, since this phase transformation involves a 
volume change on the order of ~0.5% and a phase transformation takes places in each charge 
or discharge cycle, internal mechanical stresses will arise during operation in ceramics with 
randomly oriented grains.  The evolution and the impact of these internal stresses in 
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antiferroelectric ceramics when subjected to high electric fields will play a vital role in the 
viability for use in reliable energy storage devices. 
 In this study the induced ferroelectric phase was further characterized at high fields in 
composition y = 0.060.  It was discovered that the induced ferroelectric phase exhibits 
auxetic behavior under electrical loads, i.e. expansion in the transverse direction while being 
stretched longitudinally.  This behavior is strikingly different from normal ferroelectrics, 
such as PZT, which always contract in the transverse direction when stretched by uniaxial 
electric fields.  This result suggests that there may be a special signature carried with the 
induced ferroelectric phase from its parent antiferroelectric phase that results in the 
unexpected auxetic behavior, which could be caused by a straightening of the tilted oxygen 
octahedra of the perovskite structure.  Observation of the domain structure by TEM at high 
fields (E >> EF) in PNZST 43/6.0/2 as compared with a regular ferroelectric phase (e.g. 
rhombohedral PZT) may provide visual evidence to support this speculation. 
 Additionally, the impact of radial confinement on phase switching in PNZST 43/6.0/2 
ceramics was also investigated.  Axial compressive pre-stresses applied prior to electric field 
loading were found to delay the electric field-induced antiferroelectric-to-ferroelectric phase 
transformation.  Radial compressive pre-stresses, on the other hand, progressively suppressed 
the phase transformation.  The difference in behavior can be rationalized by considering the 
effects each compressive stress configuration has on ferroelastic domain switching in the 
antiferroelectric state prior to the phase transformation. 
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